The N-terminal domain of Escherichia coli ClpB enhances chaperone function  by Chow, I-Ting et al.
FEBS Letters 579 (2005) 4242–4248 FEBS 29762The N-terminal domain of Escherichia coli ClpB enhances
chaperone function
I-Ting Chowa, Micheal E. Barnettb, Michal Zolkiewskib, Franc¸ois Baneyxa,*
a Department of Chemical Engineering, University of Washington, Box 351750, Seattle, WA 98195, USA
b Department of Biochemistry, Kansas State University, Manhattan, Kansas 66506, USA
Received 6 May 2005; revised 9 June 2005; accepted 29 June 2005
Available online 19 July 2005
Edited by Felix WielandAbstract ClpB/Hsp104 collaborates with the Hsp70 system to
promote the solubilization and reactivation of proteins that mis-
fold and aggregate following heat shock. In Escherichia coli and
other eubacteria, two ClpB isoforms (ClpB95 and ClpB80) that
diﬀer by the presence or absence of a highly mobile 149-residues
long N-terminus domain are synthesized from the same tran-
script. Whether and how the N-domain contributes to ClpB
chaperone activity remains controversial. Here, we show that,
whereas fusion of a 20-residues long hexahistidine extension to
the N-terminus of ClpB95 interferes with its in vivo and
in vitro activity, the same tag has no detectable eﬀect on ClpB80
function. In addition, ClpB95 is more eﬀective than ClpB80 at
restoring the folding of the model protein preS2-b-galactosidase
as stress severity increases, and is superior to ClpB80 in improv-
ing the high temperature growth and low temperature recovery of
dnaK756 DclpB cells. Our results are consistent with a model in
which the N-domain of ClpB95 maximizes substrate processing
under conditions where the cellular supply of free DnaK–DnaJ
is limiting.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Escherichia coli ClpA, ClpB, ClpX and ClpY (HslU) are
ring-forming members of the Hsp100 family of heat shock
proteins (Hsps) which itself is part of the AAA + superfamily
(ATPases associated with various cellular activities). AAA +
proteins are important for many cellular processes and
function by remodeling their substrates in an ATP-dependent
manner [1,2]. In E. coli, the principal role of ClpA, ClpX
and ClpY is to unfold proteins targeted for degradation and
to transfer unstructured substrates to an associated proteolytic
component [3,4]. By contrast, ClpB collaborates with the
DnaK–DnaJ–GrpE (Hsp70) system and the IbpA–IbpB small
heat shock proteins to mediate the solubilization and reactiva-
tion of aggregated host proteins [5–9].
The crystal structure of Thermus thermophilus ClpB [10] has
revealed that each ClpB protomer consist of four structural
modules: a highly mobile N-terminal domain (N-domain) con-*Corresponding author. Fax: +206 685 3451.
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doi:10.1016/j.febslet.2005.06.055nected to a ﬁrst nucleotide binding domain (NBD1) via a ﬂex-
ible linker, a coiled-coil middle (M) domain and a second
nucleotide binding domain (NBD2). A model of the ClpB hex-
amer suggests that the protein is organized in a two-tiered
structure with the two NBD domains contributing to oligo-
merization and located on top of each other in a head to tail
arrangement. M domains protrude on the outer surface of
the ring and move as rigid bodies. Because disulﬁde cross-link-
ing of the M domains to NBD1 inactivate ClpB without aﬀect-
ing oligomerization or ATPase activity, it has been proposed
that M domains serve as ‘‘molecular crowbars’’ that shear
large aggregates into smaller ones [10–12]. However, recent
data suggests that like ClpA [13,14] and its Saccharomyces
cerevisiae homolog Hsp104 [15], E. coli ClpB preferentially un-
folds protein substrates by threading them through its axial
channel [16–18].
In E. coli, both the clpA and clpB transcripts contain con-
served internal translation initiation sites that lead to the
expression of full-length and N-terminally truncated gene
products [19–21]. Although the function of the shortened ver-
sion of ClpA remains unclear, a small adaptor protein termed
ClpS binds to the N-terminal domain of full-length ClpA and
redirects ClpAP protease activity from soluble proteins to
aggregated species [22–24]. ClpS does not interact with ClpB
[24] and no ClpB-speciﬁc adaptor protein has been identiﬁed
to date.
At present, the role of the ClpB N-domain remains contro-
versial. Some studies have found no diﬀerence in the ability of
the two ClpB isoforms (ClpB95 and ClpB80) to bind model
proteins and support the reactivation of aggregated substrates
in cooperation with the DnaK–DnaJ–GrpE system [25–27].
Other reports have shown that the N-domain is involved in
substrate binding and in coordinating ATP-induced conforma-
tional changes in the ClpB core oligomer [19,28–31]. Here, we
show that integrity of the N-domain is necessary for optimal
ClpB95 function and that ClpB95 is a more eﬀective chaperone
than ClpB80 as stress severity increases and availability of the
Hsp70 system becomes limiting.2. Materials and methods
2.1. Strains, plasmids and growth conditions
The relevant characteristics of bacterial strains and plasmids used in
this study are listed in Table 1. Routine growth was conducted at 30 C
in Luria-Bertani (LB) medium supplemented carbenicillin (100 lg/ml),
chloramphenicol (34 lg/ml) and/or spectinomycin (100 lg/ml), as
appropriate. Plasmids p95 and p80 were constructed by insertingation of European Biochemical Societies.
Table 1
Bacterial strains and plasmids used in this study
Strain or plasmid Genotype or description Source or reference
Strains
MC4100 araD139 D(argF-lac)U169 rpsL150 relA1 ﬂbB5301 deoC1 ptsF25 rbsR Lab collection
JGT3 MC4100 DclpB::kan [39]
JGT20 MC4100 dnaK756 thr::Tn10 [39]
JGT32 MC4100 dnaK756 thr::Tn10 DclpB::kan [39]
JGT6 MC4100 zjd::Tn10 groES30 [39]
JGT38 MC4100 zjd::Tn10 groES30 DclpB::kan [39]
Plasmids
pMM103 pACYC184 derivative encoding the trc promoter, a
multiple cloning site and the rrnB terminator (Chlr)
[32]
pClpB95/80 pMM103 derivative encoding clpB95/clpB80 under trc
transcriptional control (Chlr)
[32]
pClpB95 pMM103 derivative encoding clpB95 under trc
transcriptional control (Chlr)
[32]
pClpB80 pMM103 derivative encoding clpB80 under trc
transcriptional control (Chlr)
[32]
pSR22 pBR322 derivative in which the NcoI site was exchanged
to NdeI by site-directed mutagenesis (Ampr)
[32]
pGC1 pSR22 derivative encoding the trc promoter, a
polyhistidine tag and a multiple cloning site (Ampr)
[32]
pH95/80 pGC1 derivative encoding a hexahistidine-tagged version
of clpB95/clpB80 under trc transcriptional control (Ampr)
[32]
pH95 pGC1 derivative encoding a hexahistidine-tagged version
of clpB95 under trc transcriptional control (Ampr)
[32]
pH80 pGC1 derivative encoding encoding a hexahistidine-tagged
version of clpB80 under trc transcriptional control (Ampr)
[32]
p95 pSR22 derivative encoding clpB95 under trc
transcriptional control (Ampr)
This work
p80 pSR22 derivative encoding clpB80 under trc
transcriptional control (Ampr)
This work
pMS421 pSC101 derivative encoding lacIq (Spcr) Kelly Hughes (UW)
pTBG(H) pBR322 derivative encoding PreS2-b-galactosidase under
tac transcriptional control (Ampr)
[47]
Abbreviations are: Amp, ampicillin; Chl, chloramphenicol; Spc, spectinomycin; r superscript, resistant.
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ing clpB95 and clpB80, respectively, into pSR22 digested with the same
enzymes.2.2. Cell viability and growth studies
The cell viability experiments of Fig. 1A were conducted as de-
scribed in the accompanying paper [32]. For the experiments of
Fig. 3A, aliquots from overnight cultures were used to inoculate
25 mL of LB medium supplemented with spectinomycin and carbeni-
cillin and prewarmed to 42.5 C to an initial OD600 reading of 0.05.
Flasks (125 mL) were incubated at 42.5 ± 0.2 C in a New Brunswick
G76 water bath and OD600 readings were taken at 30 min intervals.
For the experiment of Fig. 3B, ﬂasks were transferred to 30 C after
90 min incubation at 42.5 C and the OD600 of the cultures was re-
corded at 30 min intervals for an additional 4.5 h. For the spot test
experiments of Fig. 3C, JGT32 harboring pMS421 and either
pClpB95/80, pClpB95, pClpB80 or pMM103 were grown overnight
at 30 C in LB supplemented with spectinomycin and chloramphenicol.
JGT20 (pMS421 + pMM103) cultures were used as a control. The
OD600 of the samples was adjusted to 1.0 and dilutions (10
1–105)
were made with LB. Aliquots (10 ll) of the dilutions were spotted on
LB plates supplemented with spectinomycin and chloramphenicol.
Plates were incubated overnight at 30 C or ﬁrst held at 42.5 C for
2 or 4 h before transfer to 30 C.
2.3. PreS2-b-galactosidase folding
JGT3 cells harboring pMS421, pTBG(H) and either pMM103,
pClpB95/80, pClpB95 or pClpB80 were grown at 30 C in LB medium
supplemented with chloramphenicol, spectinomycin and carbenicillin
to OD600  0.2. Cultures were treated with 1 mM IPTG to induce re-
combinant protein production, grown to OD600  0.4 and transferredto baths held at 42 or 45 C. Samples collected after 1 h were fraction-
ated into soluble and insoluble fractions and assayed for b-galactosi-
dase activity [33]. All experiments were performed in triplicate.
Activities are reported in Miller units (1000 · D OD420/OD600 of cul-
ture per ml of culture per min of reaction) and error bars correspond
to independent triplicate experiments. Diﬀerences in ﬁnal OD600
between pClpB transformants were less than 5%.
2.4. ATPase activity assays
Native ClpB95 or its N-terminally His-tagged variant (His-ClpB95)
were incubated for 15 min at 37 C in 100 mM Tris–HCl, pH 7.5,
10 mM MgCl2, 2 mM ATP, 1 mM EDTA, 1 mM DTT, in the absence
or in the presence of 0.1 mg/ml j-casein (Sigma). Inorganic phosphate
concentration was measured as previously described [9] in 50-ll sam-
ples containing 2.5 lg ClpB95 without casein, 0.5 lg ClpB95 with case-
in, 5 lg HisClpB95 without casein, or 3 lg His-ClpB95 with casein.3. Results
3.1. His-tagging of the N-domain interferes with ClpB95 activity
When overproduced at comparable concentrations, ClpB95
and ClpB80 are almost equally eﬃcient at protecting DclpB
cells from thermal killing at 50 C [32]. To determine if ClpB95
requires an intact N-domain to exhibit its protective function,
we constructed a series of ColE1 derivatives in which genes
encoding native clpB, clpB95 and clpB80 under trc transcrip-
tional control were fused or not to a 20-codon 5 0 extension
specifying a hexahistidine sequence and a thrombin cleavage
Fig. 1. A 20 amino acid long hexahistidine N-terminal extension interferes with ClpB95 function. (A) DclpB cells harboring pMS421 and either
pGC1 (h), pH95/80 (r), pH95 (s), pH80 (D), p95 (d),or p80 (m) were grown at 30 C to mid-exponential phase and transferred to 50 C for the
indicated times. The number of CFUs was determined by plating at 30 C. A wild type control was performed with MC4100 cells containing pMS421
and pGC1 (j). Error bars were obtained for three independent experiments. The inset shows an immunoblot of whole cell samples collected after 1 h
incubation at 50 C. Lanes: M, 98-kDa marker; 1, MC4100 (pMS421 + pGC1); 2, JGT3 (pMS421 + pH95/80); 3, JGT3 (pMS421 + pH95); 4, JGT3
(pMS421 + pH80); 5, JGT3 (pMS421 + p95); 6, JGT3 (pMS421 + pGC1). (B) Cultures were grown to mid-exponential phase at 30 C, transferred to
48 C for 30 min and returned to 30 C for 90 min. Insoluble samples collected immediately after the high temperature incubation step (0 lanes) or at
the end of the recovery period (90 lanes) were fractionated by SDS–PAGE. Black arrows show the position of solubilized host proteins. b/b 0, F, A
and A/B identify the b and b 0 subunits of RNA polymerase, OmpF, OmpA and IbpA/B, respectively. (C) ATPase activity of ClpB95 and the
N-terminally tagged His-ClpB95 at 37 C in the absence (black bars) or presence (white bars) of j-casein. The values correspond to averages of 4
experiments with standard deviations indicated.
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of plasmids (Table 1) was introduced into DclpB cells. Control
strains (clpB+ and DclpB) harboring the pGC1 cloning vector
were also prepared.
After 1 h incubation at 50 C, and irrespective of the pres-
ence of the tag, ClpB95 and ClpB80 were 2-fold and 3.5-fold
more abundant than in the wild type, respectively (Fig. 1A, in-
set and data not shown). Because the ratio of Clp80 to ClpB95
in clpB+ cells is 1:2 under these conditions [32], the concentra-
tions of overexpressed ClpB95 and ClpB80 in DclpB cells were
similar (Fig. 1A, inset, lanes 3–5). Consistent with results
obtained with the pClpB series of plasmids (Table 1; [32]),
the unfused versions of ClpB95 (Fig. 1A, d) or ClpB80 (m)
independently restored basal thermotolerance to DclpB cells
with ClpB95 being slightly more eﬃcient at this task than
ClpB80. However, while His-tagging did not impact ClpB80
function (Fig. 1A, D), it led to a sharp decrease in the ability
of ClpB95 to protect cells from thermal killing (Fig. 1A, com-
pare s and d). This was not related to diﬀerences in culture
growth rates or to oligomerization defects since puriﬁed
ClpB95 and His-ClpB95 eluted at the same position when frac-
tionated on a Superose 6 column in the presence of ATP (data
not shown). Interestingly, N-terminal tagging of the native
clpB gene did not signiﬁcantly aﬀect complementation of the
DclpB phenotype, presumably because His-ClpB95 defects
are compensated by the presence of intact ClpB80 (Fig. 1A,r).
To determine how the hexahistidine extension reduces
ClpB95 activity, we ﬁrst compared the ability of all strains to
solubilize thermally aggregated host proteins upon stress
abatement. In agreement with viability experiments, ClpB95,
ClpB80, His-ClpB80 and the His-ClpB95/ClpB80 combination
could all process protein aggregates (Fig. 1B). On the other
hand, His-ClpB95 was defective in disaggregation at 30 C,
as evidenced by the persistence of bands that were cleared in
other strains (Fig. 1B arrows). These included the small heatshock proteins IbpA/B (A/B), a marker of aggregated fractions
[8].
Because ATP-induced conformational changes are essential
for ClpB-mediated protein solubilization, we next compared
the ability of the two ClpB95 variants to hydrolyze ATP.
Fig. 1C shows that the basal ATPase activity of His-ClpB95
was about twofold lower than that of authentic ClpB95. More
importantly, the ATPase activity of His-ClpB95 could not be
activated by j-casein while authentic ClpB95 experienced the
expected increase in ATP hydrolysis (Fig. 1C and Refs.
[30,34]). This result is similar to that reported by Kim and
coworkers [35] who found that casein activates the ATPase
of ClpB95, but not that of ClpB80 or diﬀerent versions of
His-ClpB95 and His-ClpB80 [35].
We conclude that integrity of the ClpB95 N-domain is
important for in vivo function and that addition of an N-ter-
minal hexahistidine extension to ClpB95 interferes with its
ability to couple substrate binding with ATP-induced confor-
mational changes.
3.2. ClpB95 is more eﬃcient than ClpB80 at suppressing
preS2-b-galactosidase misfolding in stressed DclpB cells
PreS2-b-galactosidase is a tetrameric protein consisting of
the preS2 fragment of the Hepatitis B surface antigen fused
to the N-terminus of E. coli b-galactosidase. This fusion exhib-
its a strong requirement for DnaK to reach a native conforma-
tion and its folding is impaired at 42 C in DclpB cells,
presumably because ClpB is required to disentangle early
aggregates and transfer partially folded chains to the DnaK–
DnaJ–GrpE system [33,36,37]. To determine if the N-domain
confers ClpB95 an advantage over ClpB80 in supporting
preS2-b-galactosidase folding, DclpB cells were transformed
with plasmid pTBG(H) and compatible constructs encoding
the ClpB95/ClpB80 pair, ClpB95 alone or ClpB80 alone under
transcriptional control of the trc promoter (Table 1). Cultures
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to induce synthesis of preS2-b-galactosidase and ClpB pro-
teins, and grown to mid-exponential phase. The cells were next
transferred to 42 or 45 C for 1 h and samples were assayed for
b-galactosidase activity and separated into soluble and insolu-
ble fractions.
As expected [37], DclpB cells contained 50% less active en-
zyme than the wild type strain under both sets of heat shock
conditions and the decrease in activity could be explained by
an increase in preS2-b-galactosidase aggregation (Fig. 2). At
42 C, individual or coordinated expression of the ClpB iso-
forms restored eﬃcient preS2-b-galactosidase folding and
there were no signiﬁcant diﬀerences between complemented
and wild type strains (Fig. 2A). However, at 45 C, ClpB80
was less eﬀective than either ClpB95 alone or the ClpB95-
ClpB80 combination in mediating proper folding and reducing
aggregation of the fusion protein (Fig. 2B). While the diﬀer-
ence in activities were small, they were highly reproducible
and statistically signiﬁcant (P < 0.05). This result suggests that
although ClpB95 and ClpB80 are equally proﬁcient at protein
remodeling under mild heat shock conditions, the N-domain
confers ClpB95 a functional advantage over ClpB80 upon
more severe heat shock.
3.3. ClpB80 function is impaired in a background of defective
DnaK activity
One of the consequences of an increase in stress severity is a
reduction in the cellular pool of free DnaK–DnaJ due to the
accumulation of unfolding intermediates. Because DnaK–
DnaJ are required both for the initial stages of aggregate sol-Fig. 2. ClpB95 is more eﬀective than ClpB80 at suppressing preS2-b-galactosi
harboring pMS421, pTBG(H) and the indicated plasmids were grown at 30
production of preS2-b-galactosidase and ClpB variants. At OD600  0.4, c
b-galactosidase speciﬁc activity (top) and fractionated into soluble (s) and in
positions of preS2-b-galactosidase, ClpB95 and Clp80. (B) As in panel (A) eubilization [18,38] and to reactivate proteins that are released
from ClpB in a partially folded form [5,9], we explored the pos-
sibility that the N-domain of ClpB95 reduces the dependency
of core ClpB80 on the Hsp70 system.
The fact that the thermosensitive phenotype of dnaK756 cells
at 42.5 C is aggravated upon clpB inactivation [39] provided
us with an opportunity to compare ClpB95 and ClpB80 in a
context of impaired DnaK activity and enhanced host protein
misfolding. As expected, introduction of the DclpB allele in the
dnaK756 genetic background was deleterious to growth at
42.5 C (Fig. 3A, h) and complementation with pClpB95/80
(r) restored growth to levels comparable–although slightly
lower–than that of dnaK756 control cells (j). However, while
ClpB95 transiently improved the growth of the double mutant
relative to the dnaK756 strain (Fig. 3A, m), pClpB80 transfor-
mants (D) grew as poorly as dnaK756 DclpB control cells (h).
This behavior was not related to diﬀerences in expression levels
(Fig. 3A, inset) as similar results were obtained when the con-
centration of ClpB95 or ClpB80 was raised by cultivating the
cells in the presence of 1 mM IPTG (data not shown).
While groES30 mutants exhibit a temperature sensitive
growth phenotype similar to, but less severe than that of
dnaK756 cells [40], the GroEL–GroES system does not directly
participate in ClpB-mediated protein solubilization. Rather, it
supports the downstream folding of GroE-dependent sub-
strates released from DnaK–DnaJ [9,41–43]. When the exper-
iments of Fig. 3A were repeated using an isogenic groES30
DclpB strain, we found little diﬀerence between the growth of
groES30 control cells and that of groES30 DclpB double mu-
tants harboring either the control vector, pClpB80, pClpB95dase misfolding as stress severity increases. (A) Wild type or DclpB cells
C to OD600  0.2 and supplemented with 1 mM IPTG to induce the
ultures were transferred to 42 C for 1 h. Samples were assayed for
soluble (i) fractions. Arrows from top to bottom show the migration
xcept that cultures were transferred to 45 C for 1 h.
Fig. 3. Inﬂuence of the clpB gene products on high temperature
growth and recovery of dnaK756 DclpB cells. (A) Overnight cultures of
JGT32 (dnaK756 DclpB) harboring pMS421 and either pMM103 (h),
pClpB95/80 (r), pClpB95 (m) or pClp80 (D) were diluted into fresh
medium prewarmed to 42.5 C and the OD600 was recorded at 30 min
intervals. A control was carried out with JGT20 (dnaK756) cells
containing pMS421 and pMM103 (j). Error bars correspond to
triplicate experiments and are often smaller than symbols. Inset:
samples corresponding to identical amount of cells were harvested
after 90 min incubation and immunoblotted with anti-ClpB antibodies.
Lanes: M, markers (98 and 64-kDa); 1, JGT20 (pMS421+pMM103);
2, JGT32 (pMS421 + pClpB95/80); 3, JGT32 (pMS421 + pClpB95); 4,
JGT32 (pMS421 + pClpB80); 5, JGT32 (pMS421 + pMM103). (B)
JGT32 transformants were heat-shocked for 90 min as above and
transferred to 30 C (arrow). A control was carried out with JGT20
(dnaK756) cells containing pMS421 and pMM103 (j). (C) Overnight
cultures of JGT32 harboring pMS421 and either pClpB95/80 (95/80),
pClpB95 (95), pClpB80 (80) or pMM103 were adjusted to OD600 = 1.0
and serial dilutions were made in LB. Aliquots were spotted on LB
plates that were incubated overnight at 30 C or ﬁrst held at 42.5 C
for 2 or 4 h before transfer to 30 C. A control was conducted with
JGT20 (pMS421 + pMM103).
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intracellular levels of ClpB80 is not intrinsically toxic to cells
exhibiting folding deﬁciencies, as long as the DnaK-DnaJ-
GrpE system remains intact.
We next compared the ability of ClpB95 and ClpB80 to sup-
port the recovery of heat-shocked dnaK756 DclpB upon return
to nonstress conditions. For these experiments, JGT32 cells
harboring pMS421 and the various ClpB expression plasmids
were held for 90 min at 42.5 C and cultures were returned
to 30 C. Fig. 3B shows that the dnaK756 DclpB strain harbor-
ing pClpB95 (m) grew comparably to dnaK756 control cells
(j; speciﬁc growth rates of 0.59 and 0.61 h1, respectively).
After a short lag phase, JGT32 producing both ClpB95 and
ClpB80 (r) exhibited similar robust growth (l = 0.56 h1).
By contrast, in dnaK756 DclpB cells expressing ClpB80 alone
(D), the lag phase lasted for about 1 h and the speciﬁc growth
rate (0.32 h1) was about half that of ClpB95- or ClpB95/80-
complemented cells. Finally, dnaK756 DclpB cells harboring
the control vector pMM103 were severely impaired in their
ability to recover from heat shock with a lag phase of about
90 min and a speciﬁc growth rate of 0.08 h1 (h). Spot tests
conﬁrmed that the viability of pClpB80 transformants was
lower than that of either ClpB95 or ClpB95/80-producing cells
following stress abatement (Fig. 3C).4. Discussion
ClpB/Hsp104 achieves high aﬃnity substrate binding by
using a ring of mobile residues that surrounds its 16A˚ pore,
thereby priming the substrate for remodeling via unfolding-
coupled translocation through the central channel of the hex-
amer [10,16,18]. The ClpB N-domain is an independent folding
unit that loosely associates with the protein core and is not re-
quired for oligomerization [26–28]. In the crystal structure of
T. thermophilus ClpB, the N-domain is connected to NBD1
through a 14-residues long ﬂexible linker and exhibits as much
as 120 of rotational ﬂexibility [10]. Based on the observations
that ClpB80 binds j-casein or heat-inactivated luciferase as
eﬃciently as ClpB95 [27], and that the E. coli or T. thermophi-
lus ClpB95- or ClpB80–DnaK–DnaJ–GrpE systems reactivate
denatured luciferase with comparable eﬃciency [25,26], it has
been concluded that the N-domain is not essential for chaper-
one function. This view is supported by the existence of ClpB
homologs lacking an N-domain inMycoplasma sp. [44,45], and
the fact that the two ClpB isoforms can be equally eﬃcient at
restoring thermotolerance to DclpB cells in both E. coli and
Synechococcus [26,32,46].
There is however mounting evidence that the N-domain con-
tributes to ClpB-mediated protein remodeling. First, casein
does not stimulate the ATPase activity of ClpB80 as eﬃciently
as that of ClpB95 [19]. Second, ClpB80 is unable to support
the reactivation of certain aggregates of thermally denatured
ﬁreﬂy luciferase while ClpB95 eﬃciently handles them [28].
Third, conserved residues located within the N-domain have
been implicated in the response to substrate binding by accel-
erating ATP hydrolysis rates [30]. Fourth, structural data sug-
gests that the N-domain contains a hydrophobic peptide
binding groove [29]. Fifth, there is direct evidence that, in iso-
lation, the N-domain binds to inactivated luciferase [27] and
chemically denatured MDH [31]. And, sixth, ClpB80 is much
less eﬃcient than ClpB95 at suppressing the thermal killing
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produced at near physiological concentrations, as discussed
in the accompanying paper [32].
Our observation that a 20-residues long hexahistidine exten-
sion interferes with the ability of ClpB95 to prevent the ther-
mal killing of DclpB cells at 50 C and to solubilize protein
aggregates at 30 C (Fig. 1A and B) lends additional support
to the idea that the N-domain is important for optimal ClpB
function. The N-domain may improve core ClpB80 eﬃciency
by promoting initial interactions with protein aggregates be-
fore a loose chain is captured by the high aﬃnity site surround-
ing the pore and/or by facilitating substrate threading through
the axial channel. Although we cannot rule out the possibility
that the extension directly precludes substrate association, this
scenario appears unlikely in light of the location of the ClpB95
N-terminus with respect to the pore residues involved in sub-
strate binding [10]. On the other hand, we found evidence that
the tag interferes with the coupling of substrate binding and
ATP hydrolysis (Fig. 1C). In this respect, it is interesting to
note that Thr-7, Asp-103 and Glu-109, three conserved resi-
dues of the N-domain involved in the response of ClpB95 to
substrate binding [30], are located in close proximity to the
N-terminus of the protein [29]. Interactions between the tag
and these residues may be responsible for the reduced func-
tionality of His-ClpB95 in vivo. The fact that the same exten-
sion has little eﬀect on ClpB80 activity (Fig. 1A and B) is best
explained by the tag being oriented in such a way that it does
not aﬀect substrate binding to the high aﬃnity site surrounding
the ClpB central channel.
It stands to reason that a more eﬃcient, N-domain-contain-
ing version of ClpB would be most useful under conditions
where cells experience a high degree of protein misfolding.
We indeed found that whereas the two ClpB isoforms are
equivalent at restoring the folding of preS2-b-galactosidase
when overproduced at comparable levels in DclpB cells sub-
jected to mild (42 C) heat shock, ClpB95 is superior to
ClpB80 when cultures are shocked at 45 C (Fig. 2). Func-
tional diﬀerences between the two ClpB isoforms were magni-
ﬁed in dnaK756 DclpB cells. In this background of
compromised DnaK activity, ClpB80 failed to transiently im-
prove cell growth at 42.5 C and was less eﬀective than ClpB95
at restoring growth or viability upon return to nonstress
conditions (Fig. 3). Because initial interaction between
DnaK–DnaJ and aggregated substrates is rate-limiting in the
ClpB-mediated solubilization process [18,38], it is tempting
to speculate that the ClpB95 N-domain reduces the depen-
dency of the core ClpB particle on the Hsp70 system, perhaps
by facilitating substrate engagement and/or initial processing.
Acknowledgments: We thank Myeong-Hee Yu and Kelly Hughes for
generous gifts of plasmids and Mirna Mujacic for helpful discussions.
This work was supported by NSF award BES-0097430 (to F.B.) and
NIH award GM58626 (to M.Z.).References
[1] Neuwald, A.F., Aravind, L., Spouge, J.L. and Koonin, E.V.
(1999) AAA+: A class of chaperone-like ATPases associated with
the assembly, operation, and disassembly of protein complexes.
Genome Res. 9, 27–43.
[2] Ogura, T. and Wilkinson, A.J. (2001) AAA+ superfamily
ATPases: common structure–diverse function. Genes Cells 6,
575–597.[3] Dougan, D.A., Mogk, A. and Bukau, B. (2002) Protein folding
and degradation in bacteria: to degrade or not to degrade? That is
the question. Cell. Mol. Life Sci. 59, 1607–1616.
[4] Wickner, A., Maurizi, M.R. and Gottesman, S. (1999) Posttrans-
lational quality control: folding, refolding, and degrading pro-
teins. Science 286, 1888–1893.
[5] Goloubinoﬀ, P., Mogk, A., Ben Zvi, A.P., Tomoyasu, T. and
Bukau, B. (1999) Sequential mechanism of solubilization and
refolding of stable protein aggregates by a bichaperone network.
Proc. Natl. Acad. Sci. USA 96, 13732–13737.
[6] Kedzierska, S. and Matuszewska, E. (2001) The eﬀect of co-
overproduction of DnaK/DnaJ/GrpE and ClpB proteins on the
removal of heat-aggregated proteins from Escherichia coli DclpB
mutant cells – new insight into the role of Hsp70 in a
functional cooperation with Hsp100. FEMS Microbiol. Lett.
204, 355–360.
[7] Mogk, A., Tomoyasu, T., Goloubinoﬀ, P., Ru¨diger, S., Ro¨der,
D., Langen, A. and Bukau, B. (1999) Identiﬁcation of thermo-
labile Escherichia coli proteins: prevention of aggregation by
DnaK and ClpB. EMBO J. 18, 6934–6949.
[8] Mogk, A., Deuerling, E., Vorderwulbecke, S., Vierling, E. and
Bukau, B. (2003) Small heat shock proteins, ClpB and the DnaK
system form a functional triade in reversing protein aggregation.
Mol. Microbiol. 50, 585–595.
[9] Zolkiewski, M. (1999) ClpB cooperates with DnaK, DnaJ and
GrpE in suppressing protein aggregation. J. Biol. Chem. 274,
28083–28086.
[10] Lee, S., Sowa, M.E., Watanabe, Y.H., Sigler, P.B., Chiu, W.,
Yoshida, M. and Tsai, F.T. (2003) The structure of ClpB: a
molecular chaperone that rescues proteins from an aggregated
state. Cell 115, 229–240.
[11] Lee, S., Sowa, M.E., Choi, J.M. and Tsai, F.T. (2004) The ClpB/
Hsp104 molecular chaperone-a protein disaggregating machine. J.
Struct. Biol. 146, 99–105.
[12] Weibezahn, J., Bukau, B. and Mogk, A. (2004) Unscrambling an
egg: protein disaggregation by AAA+ proteins. Microb. Cell Fact.
3, 1.
[13] Ishikawa, T., Beuron, F., Kessel, M., Wickner, S., Maurizi, M.R.
and Steven, A.C. (2001) Translocation pathway of protein
substrates in ClpAP protease. Proc. Natl. Acad. Sci. USA 98,
4328–4333.
[14] Weber-Ban, E.U., Reid, B.G., Miranker, A.D. and Horwich, A.L.
(1999) Global unfolding of a substrate protein by the Hsp100
chaperone ClpA. Nature 401, 90–93.
[15] Lum, R., Tkach, J.M., Vierling, E. and Glover, J.R. (2004)
Evidence for an unfolding/threading mechanism for protein
disaggregation by Saccharomyces cerevisiae Hsp104. J. Biol.
Chem. 279, 29139–29146.
[16] Schlieker, C. et al. (2004) Substrate recognition by the AAA+
chaperone ClpB. Nat. Struct. Mol. Biol. 11, 607–615.
[17] Schlieker, C., Tews, I., Bukau, B. and Mogk, A. (2004) Stabil-
ization of aggregated proteins by ClpB/DnaK relies on the
continuous extraction of unfolded polypeptides. FEBS Lett. 578,
351–356.
[18] Weibezahn, J. et al. (2004) Thermotolerance requires refolding of
aggregated proteins by substrate translocation through the central
pore of ClpB. Cell 119, 653–665.
[19] Park, S.K., Kim, K.I., Woo, K.M., Seol, J.H., Tanaka, K.,
Ichihara, A., Ha, D.B. and Chung, C.H. (1993) Site-directed
mutagenesis of the dual translational initiation sites of the clpB
gene of E. coli and characterization of its gene products. J. Biol.
Chem. 268, 20170–20174.
[20] Seol, J.H., Yoo, S.J., Kim, K.I., Kang, M.S., Ha, D.B. and
Chung, C.H. (1994) The 65-kDa protein derived from the internal
translation initiation site of the clpA gene inhibits the ATP-
dependent protease Ti in Escherichia coli. J. Biol. Chem. 269,
29468–29473.
[21] Squires, C.L., Pedersen, S., Ross, B.M. and Squires, C. (1991)
ClpB is the Escherichia coli heat shock protein F84.1. J. Bacteriol.
173, 4254–4262.
[22] Dougan, D.A., Reid, B.G., Horwich, A.L. and Bukau, B. (2002)
ClpS, a substrate modulator of the ClpAP machine. Mol. Cell 9,
673–683.
[23] Guo, F., Esser, L., Singh, S.K., Maurizi, M.R. and Xia, D. (2002)
Crystal structure of the heterodimeric complex of the adaptor,
4248 I-Ting Chow et al. / FEBS Letters 579 (2005) 4242–4248ClpS, with the N-domain of the AAA+ chaperone, ClpA. J. Biol.
Chem. 277, 46753–46762.
[24] Zeth, K., Ravelli, R.B., Paal, K., Cusack, S., Bukau, B. and
Dougan, D.A. (2002) Structural analysis of the adaptor protein
ClpS in complex with the N-terminal domain of ClpA. Nat.
Struct. Biol. 9, 906–911.
[25] Beinker, P., Schlee, S., Groemping, Y., Seidel, R. and Reinstein, J.
(2002) The N-terminus of ClpB from Thermus thermophilus is not
essential for chaperone activity. J. Biol. Chem. 277, 47160–47166.
[26] Mogk, A., Schlieker, C., Strub, C., Rist, W., Weibezahn, J. and
Bukau, B. (2003) Roles of individual domains and conserved
motifs of the AAA+ chaperone ClpB in oligomerization, ATP
hydrolysis and chaperone activity. J. Biol. Chem. 278, 17615–
17624.
[27] Tek, V. and Zolkiewski, M. (2002) Stability and interactions of
the amino-terminal domain of ClpB from Escherichia coli. Protein
Sci. 11, 1192–1198.
[28] Barnett, M.E., Zolkiewska, A. and Zolkiewski, M. (2000)
Structure and activity of ClpB from Escherichia coli. Role of the
amino- and carboxyl-terminal domains. J. Biol. Chem. 275,
37565–37571.
[29] Li, J. and Sha, B. (2003) Crystal structure of the E. coli Hsp100
ClpB N-terminal domain. Structure 11, 323–328.
[30] Liu, Z., Tek, V., Akoev, V. and Zolkiewski, M. (2002) Conserved
amino acid residues within the amino-terminal domain of ClpB
are essential for the chaperone activity. J. Mol. Biol. 321, 111–120.
[31] Tanaka, N., Tani, Y., Hattori, H., Tada, T. and Kunugi, S. (2004)
Interaction of the N-terminal domain of Escherichia coli heat-
shock protein ClpB and protein aggregates during chaperone
activity. Protein Sci. 13, 3214–3221.
[32] Chow, I.-T. and Baneyx, F. (2005) Coordinated synthesis of the
two ClpB isoforms improves the ability of Escherichia coli to
survive thermal stress. FEBS Lett. 579, 4235–4241.
[33] Thomas, J.G. and Baneyx, F. (1996) Protein misfolding and
inclusion body formation in recombinant Escherichia coli cells
overproducing heat-shock proteins. J. Biol. Chem. 271, 11141–
11147.
[34] Woo, K.M., Kim, K.I., Goldberg, A.L., Ha, D.B. and Chung,
C.H. (1992) The heat-shock protein ClpB in Escherichia coli is a
protein-activated ATPase. J. Biol. Chem. 267, 20429–20434.
[35] Kim, K.I., Cheong, G.-W., Park, S.-C., Ha, J.-S., Woo, K.M.,
Choi, S.J. and Chung, C.H. (2000) Heptameric ring structure of
the heat-shock protein ClpB, a protein-activated ATPase in
Escherichia coli. J. Mol. Biol. 303, 655–666.[36] Thomas, J.G. and Baneyx, F. (1996) Protein folding in the
cytoplasm of Escherichia coli: requirements for the DnaK-DnaJ-
GrpE and GroEL-GroES molecular chaperone machines. Mol.
Microbiol. 21, 1185–1196.
[37] Thomas, J.G. and Baneyx, F. (2000) ClpB and HtpG facilitate de
novo protein folding in stressed Escherichia coli cells. Mol.
Microbiol. 36, 1360–1370.
[38] Zietkiewicz, S., Krzewska, J. and Liberek, K. (2004) Successive
and synergistic action of the Hsp70 and Hsp100 chaperones in
protein disaggregation. J. Biol. Chem. 279, 44376–44383.
[39] Thomas, J.G. and Baneyx, F. (1998) Roles of the Escherichia coli
small heat shock proteins IbpA and IbpB in thermal stress
management: comparison with ClpA, ClpB, and HtpG in vivo. J.
Bacteriol. 180, 5165–5172.
[40] Tilly, K., Murialdo, H. and Georgopoulos, C. (1981) Identiﬁca-
tion of a second Escherichia coli groE gene whose product is
necessary for bacteriophage morphogenesis. Proc. Natl. Acad.
Sci. USA 78, 1629–1633.
[41] Buchberger, A., Schro¨der, H., Hesterkamp, T., Scho¨nfeld, H.-J.
and Bukau, B. (1996) Substrate shuttling between the DnaK and
GroEL systems indicates a chaperone network promoting folding.
J. Mol. Biol. 261, 328–333.
[42] Langer, T., Lu, C., Echols, H., Flanagan, J., Hayer, M.K. and
Hartl, F.-U. (1992) Successive action of DnaK, DnaJ and GroEL
along the pathway of chaperone-mediated protein folding. Nature
356, 683–689.
[43] Veinger, L., Diamant, S., Buchner, J. and Goloubinoﬀ, P. (1998)
The small heat-shock protein IbpB from Escherichia coli stabilizes
stress-denatured proteins for subsequent refolding by a multi-
chaperone network. J. Biol. Chem. 273, 11032–11037.
[44] Fraser, C.M. et al. (1995) The minimal gene complement of
Mycoplasma genitalium. Science 270, 397–403.
[45] Himmelreich, R., Hilbert, H., Plagens, H., Pirkl, E., Li, B.C. and
Herrmann, R. (1996) Complete sequence analysis of the genome
of the bacterium Mycoplasma pneumoniae. Nucleic Acids Res. 24,
4420–4449.
[46] Clarke, A.K. and Eriksson, M.-J. (2000) The truncated form of
the bacterial heat shock protein ClpB/Hsp100 contributes to the
development of themrotolerance in the Cyanobacterium Synecho-
coccus sp. strain PCC 7942. J. Bacteriol. 182, 7092–7096.
[47] Lee, S.C., Choi, Y.C. and Yu, M.-Y. (1990) Eﬀect of the N-
terminal hydrophobic sequence of hepatitis B virus surface
antigen on the folding and assembly of hybrid b-galactosidase
in Escherichia coli. Eur. J. Biochem. 187, 417–424.
